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Freedom and restraint: themes in virus capsid assembly
Terje Dokland
Viruses assemble protective capsids from several copies
of one or a few structural proteins. This is accomplished
through a combination of conformational flexibility and
control mechanisms that restrict this flexibility. This review
will discuss some of these mechanisms in light of the
many recent results in this area. 
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Introduction
How do the various proteins in a biological system come
together to form highly ordered structures such as flagella,
centrioles, muscle fibres and nuclear pores? This funda-
mental question is still largely unanswered, mainly
because of the complexity of these systems. As a more
tractable system for studying assembly processes, virus
assembly has long served as a paradigm for macromolecu-
lar assembly in general [1,2]. Nevertheless, viruses face
unique problems. How to produce a sufficiently large
capsid with maximum genetic economy? How to produce
a structure that is robust enough to resist the demands of
the external environment, and yet flexible enough to
release the genome upon infection? Virus capsids are com-
prised of multiple copies of one or a few identical sub-
units. What are the control mechanisms that allow them to
form a closed shell with the required properties? 
Firmly based in the traditions of bacteriophage genetics [3]
and virus biochemistry [4], the field of virus assembly is still
highly vigorous, thanks to the recent availability of more
powerful structural methods. Thus, new results from elec-
tron microscopy and X-ray crystallography as well as compu-
tational and biochemical methods have both provided
further insights into the viral assembly process and chal-
lenged some commonly held principles. This review will
focus on a few general themes in virus assembly, exempli-
fied by some of the many exciting recent results in the field. 
Quasi-equivalence or non-equivalence? 
The largest number of identical subunits that can be
placed on a closed surface with equivalent interactions is
60, arranged with icosahedral symmetry. The concept of
‘quasi-equivalence’ was originally invoked as a way of
explaining how regular, closed assemblies of more than 60
subunits could be put together [5]. There are actually only
two possibilities: either the protein subunits are all equiva-
lent — in which case we are limited to 60 copies — or they
are not equivalent. Quasi-equivalence occurs when the
differences in bonding and/or conformations between sub-
units are deemed to be ‘small’. Quasi-equivalence postu-
lates that these differences should be minimized by
placing 60 × T subunits on a lattice according to rules by
which only certain values of T are possible (e.g. 3, 4, 7, 9,
12, 13 etc.) [5]. Real viruses, however, display varying
degrees of adherence to this principle. 
Small T = 3 plant viruses are considered to conform to
quasi-equivalence, as they have exactly 180 copies of the
capsid protein arranged with the predicted symmetry.
Subunits are arranged with essentially equivalent interac-
tions, while conformational differences are localized to
part of the N-terminal arm [2,6] (Figure 1). 
Many double-stranded (ds) DNA phages, such as P2, λ
and HK97 have lattices constructed from hexamers and
pentamers, termed capsomers, that are arranged on a trian-
gulated lattice, most often T = 7 [7] (Figure 1). At first
glance, these capsids do appear to conform to the main
principle of quasi-equivalence: minimization of subunit
differences by adherence to a classic triangulated lattice.
Closer inspection reveals bigger differences, however: the
capsids are rather angular, which means that the interac-
tions that cross the edge are different from those that lie
within the more or less flat face of the icosahedron. More-
over, structures of the more spherical immature capsids
(procapsids) — which represent the immediate result of
the assembly process — display far less equivalent interac-
tions between subunits [8–10]. 
The polyomaviruses, including SV40, are usually described
as ‘non-equivalent’ or ‘violating quasi-equivalence’ because
they have 360 subunits (i.e. T = 6), a supposedly disal-
lowed number and incommensurate with its perfect
T = 7-like lattice [11–13] (Figure 1). Conformational dif-
ferences between subunits are mainly localized to the
C-terminal arms, which form a set of unique interactions
[11] (Figure 2). Here, a too rigid interpretation of quasi-
equivalence may impede an understanding of the under-
lying principles of the assembly process; indeed,
polyomavirus assembly follows the same principles as that
of the T = 3 plant viruses, namely, conformational switch-
ing localized to a part of the protein. Indeed, the all-pen-
tamer arrangement of polyomavirus represents a simpler
assembly system than that of the classical T = 7 systems,
which have to make a choice between making pentamers
and hexamers, each with a different set of interactions. 
Another group of viruses that ‘violates’ quasi-equivalence
is the dsRNA viruses, which include the Reoviridae,
Pseudomonas syringae phage φ6 and some fungal viruses [7].
All these systems have a structural component that is
present in 120 copies, or ‘T = 2’. In the Reoviridae, these
proteins are arranged as parallel dimers with highly non-
equivalent subunit interactions (Figure 1). The subunits
exist in two conformations distinguished by a shift of the
tip of one subunit by ~35 Å relative to the other, caused by
a hinge movement between two subdomains [14,15]
(Figure 2). Interestingly, brome mosaic virus coat protein,
which normally forms a typical T = 3 structure, could be
assembled into a T = 2 capsid by altering the packaged
RNA [16]. This suggests that fundamentally similar princi-
ples underlie these different capsid geometries (Figure 1). 
As these examples have shown, non-equivalent interac-
tions are found even in ostensibly quasi-equivalent
systems, whereas conformational differences tend to be
minimized. Viral structures are thus more strongly con-
strained by protein conformation than by the presumably
more easily modified bonding interactions. Hence, quasi-
equivalence of subunit interactions is not in itself a con-
served feature and too strong an emphasis on
quasi-equivalence may even obfuscate the mechanism
behind the assembly process. 
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Figure 1
The geometry of capsids. (a) A general, 
all-equivalent T = 1 structure composed of
rhomboidal subunits. (b) A T = 3 ‘quasi-
equivalent’ structure, such as that of many plant
RNA viruses. (c) A ‘disallowed’ T = 2 structure,
comprised of 60 parallel dimers, as seen in the
Reoviridae [14,15]. (d) An antiparallel
arrangement of 60 dimers such as that seen in
aberrant plant virus capsids [16]. (e) The
arrangement of pentamers and hexamers on a
T = 7 lattice like that of bacteriophage λ or
HK97. There are three types of unique (quasi-
equivalent) trivalent interactions: ABC (near
vertex), DFG (edge) and E3 (face). (f) The
all-pentamer arrangement of polyomavirus [11],
having one trivalent (ABC) and two divalent
(DE and F2) interactions. 
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Control of conformational switching 
How is the conformational switching required for the
assembly of a T > 1 shell regulated? For example, how do
the subunits know whether to form a pentamer or a
hexamer in the phage capsid, or whether to form an edge
or a vertex in the T = 16 structure of herpesvirus? This
information is largely intrinsic to the subunits themselves,
which are often able to form morphologically correct shells
in the absence of other proteins. In many cases, however,
they form a variety of aberrant shell-related structures
depending on the physiological conditions [16–19].
Restricting this inherent flexibility so that only the appro-
priate conformations are formed is, therefore, as important
to the assembly process as is the generation of conforma-
tional variability. 
There is a close connection between protein folding and
assembly. Viral structural proteins, such as the P22 coat
protein [20] or the herpesvirus triplex-forming protein
VP23 [21], are often quite flexible in solution. The confor-
mation-switching C-terminal arm in VP1 of polyomaviruses
is probably disordered prior to incorporation into the
nascent shell [13]. According to the ‘local-rules’ theory of
Berger et al. [22], each subunit chooses its conformation on
the basis of the conformational state of its neighbours. A
‘subunit’ could be a protein monomer or a larger unit, for
example a pre-formed pentamer. Such local interactions
could easily be modified by the physiological conditions.
This model successfully explained many aspects of poly-
omavirus polymorphism [19]. The local rules are robust; up
to 10° errors in the ‘T = 6’ rules specifying the poly-
omavirus geometry still led to the formation of predomi-
nantly correctly formed shells [22]. Further leeway led to
an increasing proportion of spiralling aberrant shells [19,23]. 
If quasi-equivalence is not a governing principle per se,
why do so many viruses have their subunits arranged
according to a triangulated lattice? Marzec and Day [24]
proposed a model that emphasizes the overall global
geometry, independently of the exact local interactions
between subunits, which explains this observation. Using
their model, realistic lattices emulating those of poly-
omavirus and Nudaurelia capensis β virus resulted simply
from a consideration of the overall shape of the capsomers
and the size of the capsid, irrespective of the different
non-equivalent contacts formed by the subunits [24]. A
triangulated lattice arises as the most efficient packing of
identical subunits on a roughly spherical (or icosahedral)
surface, constrained by the requirement for forming a
closed shell surrounding the genome. In a general case,
both local and global constraints probably combine to
determine the structure of the capsid. 
Cores and scaffolds 
As the size of the shell gets large and interactions become
numerous, additional information may be required to
constrain the conformational possibilities of the capsid
protein and ensure the fidelity of the assembly process.
This information might come from a scaffold or core. In
bluetongue virus, for example, the T = 13 shell of VP7
trimers is arranged with minimal conformational variation,
presumably because the arrangement is constrained by
the underlying core comprised of 120 copies of VP3 [14].
The core itself is presumably simple enough to assemble
without any additional information input. Once the shell
size is specified by the core, the symmetry may be gov-
erned partly by simple pattern formation [24], while
core–shell interactions are relatively non-specific [14]. 
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Figure 2
The conformational variability of capsid proteins. (a) Cα plot of the five
different conformations in the SV40 hexavalent pentamer (Protein Data
Bank [PDB] entry code 2BTV) [11,13]; each conformation is shown in
a different colour. (b) Cα plot of reovirus λ2 protein (PDB entry code
1EJ6), from residue number 240 (blue) to 1275 (red) [15]. The
dolphin-shaped contours outline the two conformationally different
copies of λ2. The symmetry axes are indicated. 
The term ‘scaffolding protein’ usually refers to a protein
that has an essential structural role at some point during
assembly, but is subsequently removed [25] — in some
ways analogous to the role of molecular chaperones in
folding. Scaffolding proteins are known from several viral
systems, but are almost ubiquitous in the dsDNA phages
where they can form internal cores or external bracing. 
Most dsDNA phages, as well as herpesvirus, have internal
scaffolding cores. These scaffolding proteins share a similar
structural organization, including an elongated shape and a
specific capsid interaction domain at the C terminus. The
scaffolding protein itself does not form a symmetric struc-
ture, but apparently provides sufficient information to con-
strain the shell symmetry by defining the overall size of the
outer shell [25]. Indeed, in the absence of the scaffolding
protein, P22 forms mostly small, T = 4 particles [26]. 
External scaffolding is seen in the dsDNA bacteriophage
P4 and in the Microviridae, which includes phage φX174
[25]. Although the specific structures are rather different,
they both display a highly ordered icosahedrally symmet-
ric arrangement, suggesting a more direct engagement 
in controlling the assembly process than that of the
scaffolding core. 
The satellite bacteriophage P4 codes for an external scaf-
folding protein, Sid, which has the ability to force the gpN
capsid proteins, produced by the T = 7 phage P2, to form a
smaller, T = 4 capsid [27,28]. The Sid protein forms
bracing arches that connect the hexameric capsomers
together through threefold interactions [29–31]. Whereas
purified gpN alone forms mostly aberrant structures
in vitro, Sid and gpN protein together are sufficient to
produce perfectly formed P4 procapsids [31]. Specific
interactions with the capsid protein presumably force the
shell to follow the intrinsic curvature of the Sid protein.
An internal scaffolding protein, gpO, is required both
during P2 and P4 infections, but it is unclear how Sid
overrides the effect of gpO if the latter works by specify-
ing the radius of the shell. 
Bacteriophage φX174 presents a curious reversal of the
assembly problem: here, the outer scaffold, comprised of
240 subunits, is more complex than the simple T = 1
capsid shell underneath [32,33]. Assembly is controlled
through a series of highly specific protein–protein interac-
tions and conformational switching events, resulting in
striking conformational variability in the scaffolding pro-
teins. The role of the scaffolding protein appears to be to
bring together preformed pentameric capsid and spike
protein precursors. 
Major conformational changes
While conformational switching provides the mechanism
for generating the structural diversity required to make
large capsids, some virus capsids go further than that,
undergoing large-scale reorganization of the entire struc-
ture. The typical example is found in the dsDNA phages,
such as λ and HK97 [9,10], which undergo capsid expan-
sion, accompanied by angularization and thinning of the
shell, and a reorganization of local subunit interactions
from an elongated twofold symmetric hexamer to a sixfold
symmetric hexamer (Figure 2). Expansion allows more
DNA to be packaged and also results in a strengthening of
the shell. This strengthening is accomplished through
equalization of the bond-length, which in turn forces the
shell to become more angular [34]. A spherical core, on the
other hand, may be easier to assemble because it can be
completely specified by intrinsic curvature [34]. Having
asymmetric, elongated capsomers in the procapsid is a
necessary consequence of mapping planar, symmetric
hexamers onto a sphere, while at the same time minimiz-
ing the conformational differences between subunits. 
Lata et al. [35] showed how the expansion in HK97 pro-
ceeds through a number of distinct, quasi-stable interme-
diate steps, rather than as a single transforming event. The
capsid proteins of HK97 have a novel fold, topologically
interlocked by chemical cross-linking in the virion (WR
Wikoff and JE Johnson, personal communication). Model-
ling studies showed how the procapsid→virion transition
could be accomplished primarily through changes in the
subunit orientations and interactions, with only minimal
conformational changes (WR Wikoff and JF Conway, per-
sonal communication). Likewise, the P22 coat protein was
shown by Raman spectroscopy to undergo only minor con-
formational changes upon shell expansion [36]. 
Another example of a capsid transformation is the remark-
able transition from a more or less spherical capsid to a
conical core seen in human immunodeficiency virus (HIV)
and other lentiviruses [37,38]. This change is triggered by
the cleavage of the gag protein into its MA, CA and NC
constituents, where CA is the main core-forming protein.
Spherical cores are formed when the HIV gag polyprotein
is expressed in insect cells [39]. These particles are rather
polymorphic in size and do not have icosahedral symme-
try, consisting instead of subspherical fragments with local
sixfold or threefold symmetry. In vitro assembly of
CA–NC with or without RNA results in the formation of a
mixture of tubular and cone-shaped forms [40]. Some of
these tubes display a hexagonal arrangement of subunits,
consistent with the conical shapes seen both in virions and
in vitro (S Li, CP Hill, WI Sundquist and JT Finch, per-
sonal communication). The control mechanisms that drive
the assembly towards a cone are undetermined, although
it would be constrained by the external membrane and the
RNA. These mechanisms are apparently not very exact, as
aberrant forms are frequently found both in vivo and
in vitro [39]. (Whether all these forms are functional is
uncertain, as only one in a thousand particles in a normal
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virus preparation is infectious.) In terms of local rules
theory [22], there is extensive plasticity in the formation
of subunit interactions.
Assembly intermediates and pathways
It is commonly assumed that viruses assemble via a
pathway of intermediates, each consisting of a subset of
the final capsid structure, such as a triangular face, a trimer
of dimers and so on. From a statistical point of view,
assembly through intermediates is very attractive, as it
reduces the assembly errors dramatically [41]. However,
although early assembly intermediates may be well
defined — such as hexon trimers in adenovirus [42] 
or pentamers in polyomavirus [43] and in φX174
[44] — larger oligomeric intermediates remain elusive. It
is often inferred that the subviral structures seen upon dis-
ruption of, for example, adenovirus or iridoviruses repre-
sent actual assembly intermediates, and indeed these
structures can sometimes be made to re-form virus-like
assemblies; however, there is little specific evidence that
this is what happens in vivo. 
Assembly, like crystallization, is thought to proceed
through separate nucleation and growth events. Thus, the
initial nucleus may consist of a specific subassembly
whereas subsequent growth proceeds from other struc-
tures. For polyomaviruses, for example, the nucleus may
consist of a dimer of pentamers, which serves as a starting
point for the assembly of a variety of structures [13]. The
capsids of dsDNA bacteriophages are usually assumed to
be nucleated from the connector structure at the head–tail
interface. No specific assembly intermediates have been
identified, but P22 capsids were found to grow by the
addition of monomeric capsid protein [45]. Hepatitis B
core particles are thought to be nucleated by a trimer of
dimers, whereas subsequent assembly proceeds by the
addition of dimers [46]. This is similar to the model envi-
sioned for small plant RNA viruses [47], although alterna-
tive models invoke instead a pentamer of dimers as the
nucleus, which is more consistent with the existence of
T = 2 particles [16]. On the basis of subassembly stability
calculations, however, the T = 3 black beetle virus appears
to assemble from quasi-threefold trimers [48]. Southern
bean mosaic virus, on the other hand, showed no obvious
stable intermediates, all subassemblies having closely
similar energies [48]. 
Virus shell assembly may by depicted as an ‘energy
funnel’, like that commonly used to describe protein
folding [49]. Through this funnel, an infinite number of
different, but essentially energetically equivalent paths
lead to the final energy minimum (Figure 3). In this
scheme, the aberrant assemblies frequently seen in vitro
would represent local minima. In vivo, there might nor-
mally be sufficient checkpoints along the way to correct
mistakes, similar to the chaperones of protein folding.
This model highlights the overall plasticity of virus assem-
bly processes, a general theme that is probably also rele-
vant for the interpretation of other assembly systems. The
study of virus structure and assembly will continue to offer
such insights into the macromolecular assembly process. 
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